In this paper, we report our recent efforts in achieving high performance in Antimonides type-II superlattice (T2SL) based infrared photodetectors using the barrier infrared detector (BIRD) architecture, resonator pixel light coupling mechanism, and digital read out integrated circuits (DROICs).
INTRODUCTION
In this presentation, we will report our recent efforts in achieving high performance in Antimonides type-II superlattice (T2SL) based infrared photodetectors using the barrier infrared detector (BIRD) architecture. The recent emergence of barrier infrared detectors such as the nBn [1] and the XBn [2] have resulted in mid-wave infrared (MWIR) and longwave infrared (LWIR) detectors with substantially higher operating temperatures than previously available in III-V semiconductor based MWIR and LWIR detectors. The initial nBn devices used either InAs absorber grown on InAs substrate, or lattice-matched InAsSb alloy grown on GaSb substrate, with cutoff wavelengths of ~3.2 μm and ~4 μm, respectively. While these detectors could operate at much higher temperatures than existing MWIR detectors based on InSb, their spectral responses do not cover the full (3 -5.5 μm) MWIR atmospheric transmission window. There also have been nBn detectors based on the InAs/GaSb T2SL absorber [3, 4] .
BARRIER INFRARED DETECTORS
Much has been discussed in the literature about the nBn and related devices, including XBn barrier photodetector [2, 5, [6] [7] [8] , and unipolar barrier photodiode [9] , since the publication of the influential paper entitled "nBn detector, an infrared detector with reduced dark current and higher operating temperature" by Maimon and Wicks in 2006 [1] . Common to this family of devices is the unipolar barrier. The term "unipolar barrier" was used recently to describe a barrier that can block one carrier type (electron or hole) but allows the un-impeded flow of the other [10] [11] [12] . The concept of the unipolar barrier has been around long before they are called as such. The double-heterostructure (DH) laser, which makes use of a pair of complementary unipolar barriers, was first described in 1963 [13, 14] , soon after the birth of the concept of heterostructure devices.
The ideal nBn structure would have two n-type region (n) separated by a larger bandgap, undoped barrier layer (B), where the n-B heterojunctions have a larger conduction band offsets and zero valence band offsets. Such a barrier would block majority carrier electrons, but pass photogenerated holes. The nBn and XBn device structures are reminiscent of that proposed by Anthony White in 1983 [15] . The nBn infrared detector is designed to reduce dark current (noise) without impeding photocurrent (signal). Central to the nBn operation is the strong suppression of generationrecombination (G-R) dark current due to Shockley-Read-Hall (SRH) processes. The nBn infrared detector is designed to reducing dark current (noise) without impeding photocurrent (signal).
Another important aspect of nBn and related structures is their effectiveness in reducing surface leakage current. The top surface of the active narrow gap absorber in the nBn detector is covered by the wide band gap barrier layer, and therefore does not need additional passivation to suppress surface leakage [1] . In a focal plane array (FPA) configuration, the array of top contacts could be defined by etching through the top contact layer but not the barrier layer [1] . In this configuration, the narrow gap absorber is not exposed, and therefore does not contribute to surface leakage. Finally, even in a deep-etched mesa configuration, where the side walls of the narrow gap absorber are fully exposed, the barrier can still block electron surface leakage effectively [1, 9, [16] [17] [18] [19] . The unipolar barrier based design is not limited to the nBn or XBn. The complementary barrier infrared detector (CBIRD) demonstrated by David Ting et al. [12] uses a pair of electron and hole unipolar barriers with LWIR InAs/GaSb superlattice to achieve near diffusion limited performance.
Realization of unipolar barrier infrared detector structures typically involves a set of rather stringent requirements. Designing an nBn IR detector requires a matching pair of absorber and barrier materials with the following properties: (1) their valence band edges must be approximately the same to allow un-impeded hole flow, while their conduction band edges should have a large difference to form an electron barrier, (2) the absorber should have the desired band gap, (3) the absorber should be very closely lattice-matched to the substrate to ensure high material quality and low defect density, and (4) the barrier should also be approximately lattice-matched to the substrate, although the requirement here is less stringent since a barrier thickness of 1,000 to 2,000 Å is typically sufficient, and therefore a modest amount of strain can be tolerated.
The conditions favorable for constructing nBn structures are found in the nearly lattice-matched semiconductors of InAs, GaSb, and AlSb, commonly referred to as the 6.1 Å material system since InAs, GaSb, and AlSb all have lattice constants of approximately 6.1 Å. They are also commonly referred to as the antimonides (InAs is included by virtue of being closely lattice-matched to GaSb and AlSb). As illustrated in Fig. 1 , the 6.1 Å materials offers a variety of band offsets, with considerable flexibility in forming a rich variety of alloys and superlattices. Together with their alloys with InSb, GaAs, and AlAs, the 6.1 Å semiconductors provided a great degree of versatility for constructing heterostructure devices. In particular, we note that AlSb exhibits large condition band offsets, but has relatively smaller valence band offsets, to InAs and GaSb, thus providing a good starting point for building nBn detector structures. The 6.1 Å or antimonide materials can be grown on InAs or GaSb
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Chania, Greece 9 -12 October 2018 substrates, GaSb is available in 2", 3", 4" and 6" diameters formats. Most of the nBn and related device structures published in the literature to date have been implemented in the antimonide material system. BIRDs have been implemented for bulk InAs [19] , InSb, InAsSb, InGaAsSb, InAsPSb, and HgCdTe, as well as for InAs/GaSb type-II superlattice (T2SL) and for the InAs/InAsSb T2SL [20] . An important aspect of the nBn detector (and unipolar barrier detector architecture in general) is the ability to block majority carriers without impeding the flow of minority carriers.
RESONATOR PIXEL
In the past, achieving a high quantum efficiency (QE) in infrared detection requires a thick absorber and a large absorption coefficient . This requirement severely limits the choice of materials when the detection wavelength is longer than 8 m. If high QE can be obtained even with a thin absorber layer and a small , it will open up many more possibilities. Materials that were once regarded as problematic, such as those with small , short minority carrier diffusion length, or small critical growth thickness, can now be considered. To realize this possibility, we propose a resonator pixel T2SL barrier infrared detector structure that can trap and store incident light until it is absorbed. With a perfect trap, the QE will no longer be limited by the material thickness or . To make an effective trap, the light must not transmit out of the detector when it hits the detector boundaries, and it must not interfere destructively with the incident light or other light already present in the detector. We call this design the "resonator pixel". An EM model developed to simulate resonator pixels can accurately predict the photo-response of actual fabricated infrared detectors. [21] [22] [23] .
To understand the proposed detector structure, let's consider a detector slab in Fig. 2(a) with a metal reflector on top, and light is incident from the bottom substrate. With this standard detector geometry, light will bounce up and down between the metal and the substrate/air interface, with which a Fabry-Perot etalon (FPE) is formed. However, this FPE does not confine photons effectively because the substrate transmission can be large, and because optical interference can either aid or suppress the escape of light at the interface, resulting in QE oscillations that are centered about its classical value. If the detector top surface contains instead a set of diffractive elements (DEs) as shown in Fig. 2(b) , light will be diffracted at an angle. And if this angle is larger than the critical angle at the substrate/air interface (~16 for GaSb), then light will be totally internally reflected at the substrate and will stay inside the detector. When the same is also true for all other detector sidewalls, then light will be totally confined. To account for interference effects, the size and shape of the detector volume must be adjusted such that the scattered optical paths form a constructive interference pattern inside the detector. Under this condition, the newly incident light will be able to reinforce the light already under circulation, and the optical energy can be accumulated and stored in the detector as in a resonator. Therefore, by designing the detector into a resonator with a diffractive surface, an effective photon trap can be obtained. Rigorous 3D electromagnetic (EM) simulation capabilities have been developed to aid the design and modeling of photodetector pixels [21] . The model has been validated through extensive comparisons with experimental results on different types of infrared detectors, including quantum well infrared photodetectors (QWIPs) and T2SL infrared detectors. We now use EM modeling to examine how the resonator pixel concept can be used to enhance the performance of LWIR BIRDs. The simplest and the most well-known unipolar barrier infrared detector architecture is the nBn. The nBn has the advantage of having very well-behaved surface properties, which lead to good dark current characteristics and low 1/f noise (temporal stability). The one drawback is that when used with LWIR T2SL absorbers (necessary for achieving long cutoff wavelengths), which have short hole diffusion lengths, the absorbers need to be kept fairly thin (below the diffusion length), which in turn limits the attainable QE. The light trapping resonator pixel concept offers a very effective solution in this case. For many imaging and spectral imaging applications, light incident at a relatively large angle needs to be considered. For an example, we have calculated the spectral response for 35º incident angle. The calculated 35º-incidence spectral QE has the same shape as the normal-incidence QE. In general, it is safe to say that the resonator-pixel enhancement has fairly weak angular dependence. This is an advantage over layered antireflection coating, which tends to show strong angular dependence [22] [23] .
DIGITAL READ OUT INTEGRATED CIRCUIT
Infrared FPAs generally use non-silicon detector arrays to convert the infrared signal into an electrical signal. These detector arrays are hybridized via indium bump bonding process to a read out integrated circuit (ROIC). Conventional ROICs are based on analog electronic circuits. The modern ROICs are digital ROICs (DROICs). Conventional analog ROICs store charges at individual ROIC pixels and route them out via output taps to off-chip analog-to-digital converters (ADCs) or route them to on-chip column parallel ADCs. This method requires a very large ROIC in-pixel well depth to achieve high signal-to-noise-ratio (SNR). In DROICs the charges get digitized at ROIC individual pixel level with a counter by incrementing each time a small charge bucket gets filled. Ideally, this could provide a very high effective well depth for DROIC pixels compared to conventional analog ROIC pixels. Total well depth of DROIC pixel is given by the size of the charge bucket times the number of counts of the in-pixel counter [24] [25] .
The ultimate sensitivity (i.e., highest SNR) of an infrared FPA is determined by the maximum well depth of the ROIC pixels assuming the total noise of the FPA is determined by the shot noise (i.e., statistical fluctuations of the signal) of the photocurrent. Therefore, to achieve the maximum SNR, Where, SignalMax is the maximum signal and noise is Poisson process limited statistical variation associated with the photocurrent. Thus, a maximum well depth of 25 million electrons yields SNR of 5,000 and well depth of 100 million electrons yields SNR of 10,000. Therefore, a DROIC with higher bit counter could provide a higher SNR or could operate a DFPA at higher operating temperature with same SNR as a conventional FPA (i.e., same detector array with an analog ROIC).
SUMMARY
A T2SL LWIR BIRD FPA could easily operates at 20K higher operating temperature (HOT) (i.e. compared to QWIP FPA) due to the strong suppression of G-R dark current due to SRH processes as explained earlier. The light trapping resonator pixel concept offers a very effective solution to increase the QE of LWIR T2SL BIRDs. We could conservatively expect the resonator pixel to yield QE of >50% and lower dark current, thus, it can achieve comparable SNR (i.e., as conventional LWIR QWIP FPA) while operating at 20K higher temperature. Another 20K higher operating temperature advantage can be achieved when we further improve the performance by hybridizing the T2SL LWIR BIRD detector array to the high-dynamic range DROIC from DRS. Therefore, a T2SL LWIR BIRD DFPA can easily operates at ~60K higher operating temperature compared to a conventional LWIR FPA. We calculated the noise equivalent temperature difference (NET) as a function of the ROIC well depth for the two Landsat spectral bands 10.3-11.3 m and 11.5-12.5 m at different resonator pixel BIRD FPA (see Figure 3 ). Figure 3 clearly shows, the resonator pixel BIRD digital focal plane arrays (i.e., with 0.5-1 billion electrons well depths) can operate easily at 100K with ~20 mK NEDT.
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